Introduction
Bone marrow provides an environment for controlling the maintenance of bone homeostasis, which is determined by autocrine, paracrine and endocrine activities of different cellular components. Amid advances in understanding the complexity of marrow environment and its role in the regulation of bone remodeling process, the role of fat, which is abundant marrow component in the adult bone, is still unclear in this process. Two types of fat tissues, white and brown adipose tissue (WAT and BAT, respectively), are relatively well understood with regards to their metabolic activities. The marrow fat or the yellow adipose tissue (YAT) constitutes a third category of fat tissue and its metabolic activity is largely unknown.
Fat plays an important role in the regulation of energy metabolism. It stores and releases energy under conditions of feeding and fasting, and regulates energy balance in peripheral tissues through its endocrine activities. Adipocytes accumulate energy in the form of lipids and burn it in the process of fatty acid β-oxidation. Moreover, energy balance is established through the production of adipokines, among them leptin and adiponectin, which regulate calorie intake and insulin sensitivity, respectively. The multiplex of fat functions is sequestered throughout different fat depots. Mitochondria-sparse WAT, constitutes~10% of body weight in lean humans, and is represented by visceral and subcutaneous fat with a function in energy storage and regulation of insulin sensitivity and glucose metabolism in liver and muscle. Mitochondria-enriched BAT, is distributed in adult humans as discrete tissue deposits located in the neck, supraclavicular, paravertebral, and suprarenal regions [40] and is found abundantly in the scapulae of rodents. BAT, yielded by transcription factors Prdm16 and FoxC2 and co-activator PGC1α, functions in adaptive thermogenesis by dissipating energy in the form of heat [11] . This is mediated by uncoupling protein 1 (UCP1), which stimulates proton leak from the mitochondrial membrane to uncouple respiration from ATP synthesis to produce heat. BAT thermogenic activity is controlled by the central nervous system via catecholamines and β-adrenergic signaling, and deiodinase 2 (Dio2)-mediated thyroid hormone conversion from thyroxine (T4) to triiodothyronine (T3). Along with its role in adaptive thermogenesis, BAT also has a function in protecting against obesity, insulin resistance and diabetes [5, 8, 17, 18] .
As demonstrated recently, BAT and WAT originate from different pools of mesenchymal precursors [32] . In neonates, brown adipocytes originate from precursor cells, which express myogenic factor Myf5, and may also differentiate to muscle [32] . On the other hand, the transcriptional regulator and tumor suppressor retinoblastoma protein pRb is involved in the lineage allocation of mesenchymal stem cells toward osteoblasts, and brown and white adipocytes [4, 10] . Thus, a presence of pRb in early mesenchymal progenitors directs their differentiation towards osteoblasts, while an absence of pRb allows for commitment of the same progenitors to brown adipocyte lineage and their further differentiation under control of Prdm16. More interestingly, re-expression of pRb in cells already committed to brown adipocyte lineage converts them into adipocytes of white phenotype suggesting interconversion between white and brown phenotypes [4, 10] . Indeed, BAT-like phenotype can be also induced in differentiated WAT suggesting a local function within WAT perhaps associated with on demand energy dissipation and not necessarily thermogenesis [31, 33, 39] .
YAT, or yellow adipose tissue, bears its name due to a moderate number of mitochondria that gives it a yellowish appearance. It originates from the same marrow mesenchymal stem cells which can differentiate to osteoblasts, and in this respect it resembles WAT origin [1, 4] . YAT accumulates in areas of trabecular bone of femur, tibia, and vertebrae and fills the entire marrow cavity by the 3rd decade of human life [24] . Marrow fat may participate in lipid metabolism by clearing and storing circulating triglycerides, thereby providing a localized energy reservoir for emergency situations affecting, for example, osteogenesis (e.g., bone fracture healing) [12] . YAT responds to systemic changes in energy metabolism, which is demonstrated by changes in its volume with aging, estrogen deficiency, diabetes, TZD anti-diabetic therapy, caloric restriction and wasting diseases such as anorexia nervosa [2, 3, 6, 21, 34, 37] . It is still unclear whether YAT constitutes a homogeneous population of WAT or BAT-like adipocytes or a heterogenous population of both types of fat cells. Moreover, the metabolic role of this fat depot has yet been examined, although recent studies comparing gene expression profile of marrow fat and epidydimal fat suggest that YAT possesses distinct phenotype and responds to aging differently than WAT [22] . Here, we demonstrate that YAT has features of BAT-like tissue, which are attenuated with aging and diabetes.
Material and methods

Animals
Non-diabetic C57BL/6 mice, adult (5 mo old) and old (26 mo /a and a/a animals were described in details previously [7, 41] . Briefly, A vy /a mice are characterized by ectopic expression of agouti protein, due to continuous transcription of the agouti gene induced by a cryptic promoter in the intracisternal A particle (IAP) retrotransposon inserted in noncoding exon 2 of the agouti locus [7] . In hypothalamic orexigenic neurons, agouti (Ag) protein binds to and represses the activity of MC4R, which regulates energy metabolism and satiety. Mice with A vy /a phenotype (expressing Ag protein) develop obesity, hyperglycemia, hyperinsulinemia and insulin resistance by 8 weeks of age, whereas mice with a/a phenotype (non-expressing Ag protein) are lean, normoglycemic and insulin sensitive [41] .
Animals were housed with free access to water and were maintained at a constant temperature, on a 12 h light-dark cycle. The animal treatment and care protocols conformed to NIH Guidelines and were performed using a UT HSC Institutional Animal Care and Utilization Committee (IACUC) protocol.
For experiments testing rosiglitazone effects on gene expression profile in different fat depots, animals were fed for 4 weeks either diet supplemented with rosiglitazone maleate (Avandia, GlaxoSmithKline, King of Prussia, PA) at the dose of 20 mg/kg/day or non-supplemented diet, as described previously [20] . At the end of experiment the following tissues were collected for RNA isolation: epidydimal fat as a representative of WAT, interscapular fat as a representative of BAT, and a whole tibia bone as a representative of a tissue containing YAT. Tissues were homogenized in 1 ml of TRIzol (Invitrogen, Carlsbad, CA) and total RNA was extracted according to manufacturer's protocols.
Determination of marrow adipocyte number
Tibiae of experimental animals were decalcified in formic acid, embedded in paraffin and sectioned at 5 μm. Histological sections were stained with hematoxylin and eosin. Fat cells identified as empty oval spaces were enumerated under magnification 20× on five consecutive microscopic fields of the secondary spongiosa of the proximal tibia as described previously [30] and an average number of cells per high power field (20× magnification) of 4 to 8 individual animals per group was calculated.
Analysis of gene markers expression by real-time PCR
One μg of total RNA was digested with DNase I (Invitrogen) and converted to cDNA using the iScript cDNA synthesis kit (Biorad, Hercules, CA). Gene expression analysis was performed using real time PCR with Power SYBR Green detection system (Applied Biosystem, Foster City, CA), as previously described [14] . A list of primers used in this analysis is provided in Table 1 . Relative gene expression was measured by the comparative C T method and normalized to the quantity of 18S RNA. In addition, bone samples were normalized to FABP4/aP2 expression levels in WAT and BAT to account for the differences in the fraction of adipocytes present in the analyzed specimen.
Statistical analysis
Gene expression analysis was performed on specimens derived from groups of animals, each consisting of 4 to 8 animals. Statistically significant differences between groups in each experiment were Table 1 Oligonucleotide primers used for real time PCR analysis of gene expression.
Gene name Forward primer
Reverse primer
TTCGAACGTCTGCCCTATCAA ATGGTAGGCACGGCGACTA defined using one-way Anova (SPSS, Inc., Chicago, IL) after establishing homogeneity of variance and the normal distribution of the data. In all cases, p b 0.05 was considered significant. All values are presented as the Mean ± SD.
Results
YAT has phenotypic characteristics of BAT and WAT
In order to assess metabolic phenotype of marrow fat, we analyzed the relative expression of BAT-and WAT-specific gene markers in the tibia of 5 mo old C57BL/6 mice and compared the expression of these markers to the BAT and WAT derived from the same animals ( Table 2) . BAT-specific gene markers were represented by gene transcripts for regulators of adaptive thermogenesis and adrenergic response (UCP1, PGC1α, Dio2, and β3AR), and transcriptional regulators of BAT phenotype (Prdm16 and FoxC2) [29] , whereas WAT-specific markers where represented by gene transcripts for two adipokines, which determine WAT endocrine function, adiponectin and leptin [38] . Due to the complexity of extracting pure marrow adipose cells, YAT examination was performed on RNA isolated from the whole tibia. To account for differences in the contribution of mature adipocytes to the analyzed tissue samples, we normalized gene expression in bone samples to the expression of FABP4/aP2, which is relatively constant in differentiated adipocytes regardless of their origin. Table 2 lists the expression of tested markers in YAT and BAT relative to the expression in WAT. As expected, thermogenic markers UCP1, PGC1α, and Dio2 were highly expressed in BAT reaching levels that exceeded WAT by 324-, 22-, and 88-fold, respectively. When compared to WAT, YAT showed elevated expression in Dio2 and PGC1α, but not thermogenic marker UCP1 and adipocyte-specific beta-3-adrenergic receptor (β3AR), which expression levels in YAT were even lower than in WAT. In addition, YAT appears to express relatively high levels of Prdm16 and FoxC2, two transcriptional regulators implicated in brown adipocyte differentiation. These results should be interpreted with caution, because some of these transcripts might be also expressed in other bone marrow cells. Thus, besides adipocytes Prdm16 is expressed in cells of myeloid lineage [25] , FoxC2 is expressed in osteoblasts and endothelial cells [9, 16] , and PGC1α is expressed in variety of cells where it controls glucose utilization and mitochondrial biogenesis [35] . The expression of both adipokines, leptin and adiponectin, is lower in YAT than in WAT and BAT. Nevertheless, these data suggest that marrow adipose tissue might have properties of both brown and white adipose tissue.
Aging and diabetes decrease expression of BAT-like gene markers
There is an increasing evidence indicating that BAT function involutes with advancing age and with metabolic diseases such as diabetes [27] . Therefore, we compared the expression of BAT-specific gene markers in bone of 5 mo and 26 mo old C57BL/6 mice ( Fig. 1) , and in bone of yellow agouti diabetic mice (A vy /a strain) and their non-diabetic control (a/a strain) (Fig. 2) [41] . As shown in Fig. 1 , despite increased number of marrow adipocytes in bone of 26 mo old animals (Figs. 1A and B) , the expression of BAT-specific transcriptional regulators, Prdm16 and FoxC2, and genes involved in β-adrenergic signaling, β3AR and Dio2, was significantly lower than in 5 mo old animals (Fig. 1C) . Similarly, although A vy /a mice possess larger number of adipocytes in tibia bone than their non-diabetic a/a control ( Fig. 2A) , the expression of BAT markers in tibia of diabetic mice was significantly lower than in age-matched non-diabetic control (Fig. 2B) . The expression of thermogenic activators, UCP1 and PGC1α, showed a tendency towards decrease in both aging and diabetes models, however did not reach statistical significance (data not showed). These data suggest that the metabolic status of YAT changes with alterations in systemic energy metabolism.
Rosiglitazone increases BAT-like phenotype in the bone of normoglycemic, but not in the bone of diabetic animals It was previously demonstrated that TZDs, antidiabetic drugs and agonists for adipocyte-specific PPARγ transcription factor, induce brown adipocyte phenotype in white adipocytes of subcutaneous origin [33, 39] . It is well appreciated that TZDs, which sensitize cells to insulin, have a profound effect on systemic energy metabolism [13] . Administration of rosiglitazone to animals and humans results in depot-specific changes in weight and volume of fat [20, 42] . In normoglycemic C57BL/6 mice ( Fig. 3A) and a/a mice (data not showed), rosiglitazone administration causes a decrease in the weight of WAT, an increase in the weight of BAT, and an increase in the number of marrow adipocytes in YAT [20] , whereas in hyperglycemic and insulin resistant yellow agouti A vy /a mice, rosiglitazone increases the weight of both WAT and BAT, and increases the number of adipocytes in the marrow (Fig. 3B) . Similarly, TZDs significantly increase body weight of diabetic individuals, mainly due to increase in the weight of adipose tissue, which is considered a significant adverse effect of this therapy [42] . Different pattern in fat accumulation in response to TZD treatment reflects difference in energy metabolism status between insulin sensitive (C57BL/6 and a/a) and insulin resistant (A vy /a) mice. To further assess YAT phenotype and its integration with energy metabolism system, we analyzed changes in the expression of adipocyte markers in tibia bone of normoglycemic (C57BL/6) and diabetic (A vy /a mice) upon rosiglitazone treatment, and compared the expression of these markers in WAT and BAT of the same animals (Fig. 4, Supplementary. Figs. 1 and 2 ). Rosiglitazone administration to normoglycemic C57BL/6 animals resulted in increased expression of BAT and WAT phenotype markers in bone (Fig. 4 , graphs with gray bars). Rosiglitazone increased the expression of two markers of thermogenesis, UCP1 and PGC1α, and markers of brown adipocyte differentiation, Prdm16 and FoxC2. Moreover, the expression of β3AR increased 9.5-fold in YAT upon rosiglitazone treatment suggesting upregulation of adipocyte-specific adrenergic signaling, which is necessary for thermogenesis and energy expenditure. Rosiglitazone also robustly increased expression of leptin and adiponectin (Fig. 4) . In contrast, rosiglitazone effect on expression of these markers in marrow fat derived from diabetic A vy /a mice was very different (Fig. 4 , graphs with black bars). Although rosiglitazone induced the expression of UCP1, however it failed to upregulate the expression of other markers of BAT phenotype. Similar to C57BL/6 non-diabetic animals, rosiglitazone upregulated the expression of leptin and adiponectin in marrow fat of A vy /a mice. These results suggest that the phenotype of marrow adipocytes changes in diabetic conditions in a manner that renders cells less responsive to induction of BAT-like phenotype.
A comparison of the effect of rosiglitazone on bone adipocytes to the effect on BAT and WAT in the same animals shows interesting differences (Supplementary. Figs. 1 and 2) . In contrast to bone, the expression of FABP4/aP2 is not changed in WAT and BAT of C57BL6 and Avy/a mice indicating that in adult animals rosiglitazone did not induce de novo adipogenesis in these fat depots. However, it changes the metabolic profile of WAT in C57BL/6 mice, which is reflected by increased expression of UCP1 and PGC1α, and decreased expression of leptin and FoxC2 (Supplementary. Fig. 1 ). In WAT of A vy /a mice, rosiglitazone robustly increased expression of UCP1 and β3AR (Supplementary. Fig. 2) . Interestingly, although BAT weight increases in animals receiving rosiglitazone (Fig. 3A) , changes in the expression of metabolic markers are not remarkable.
Taken together, these data suggest that bone marrow responds to rosiglitazone differently than WAT and BAT in the same animals, and that this response may include both, a direct effect on committed adipocyte and the effect on stem cells recruitment toward brown adipocyte lineage, which is reflected by increased expression of FABP4/aP2 and BAT-specific transcriptional regulators, Prdm16 and FoxC2.
Discussion
Our studies suggest that marrow fat has distinct phenotype, which consists of both, BAT and WAT characteristics. A relatively high expression of BAT-specific transcriptional regulators, Prdm16 and FoxC2, together with increase in their expressions in conditions which stimulate marrow adipocyte differentiation, indicates that YAT is under similar transcriptional control as BAT [15] . Similarly, the expression of PGC1α and Dio2 at the levels comparable to their expression in BAT, and significant upregulation of β3AR and UCP1 by rosiglitazone, suggests YAT's role in energy dissipation. However, it is important to note that our analysis did not test the conditions of thermogenic stress stimulating sympathetic nervous system and β-adrenergic signaling and leading to UCP1 mediated thermogenesis.
On the other hand, robust increase in the expression of leptin and adiponectin in bones of animals, which received rosiglitazone, indicates that marrow fat possesses also endocrine activity of WAT.
Importantly, BAT-like phenotype of marrow adipocytes may be attenuated with aging and diabetes, both conditions characterized by impaired systemic energy metabolism. Decrease in the expression of genes involved in the thermogenic response to adrenergic signaling and fatty acid oxidation suggests that with aging the phenotype of marrow adipocytes changes toward less efficient with respect to energy production. To further support this notion, we have demonstrated that adipocytes present in bone of diabetic animals do not respond to rosiglitazone in the same manner as adipocytes present in bone of non-diabetic animals. Although rosiglitazone increased number of adipocytes in the marrow of A vy /a animals, which was associated with increased expression of UCP1, leptin and adiponectin, it failed to induce Prdm16 and FoxC2, β3AR and PGC1α gene expression. This indicates that diabetic conditions affect metabolic phenotype of marrow fat. It is important to notice that our observations are consistent with human studies, which showed that the function of brown fat, measured by 18 F-glucose uptake after exposure to cold, declines with aging and diabetes [27] . In addition, recent studies of mitochondrial function in human marrow mesenchymal cells suggest that aging attenuates energy metabolism in the bone marrow by affecting mitochondrial biogenesis [28] . These together suggest that energy-dissipating brown-like phenotype of marrow adipocytes may be regulated by the same mechanisms, which regulate systemic energy metabolism, and may be affected in conditions which impair this process. largely unknown, and bone mass, one can speculate that a local decrease in the energy production (e.g. in the form of heat) may affect bone marrow environment supporting balanced bone remodeling. Indeed, a heterotropic bone formation in muscle injected with BMP2 is associated with accumulation of brown adipocytes expressing UCP1 [26] . It is speculated that these adipocytes may function in recruitment of blood vessels, chondrocytes, and osteoblasts to the site of new bone formation. In support to the requirement of brown adipocytes for osteogenesis, injection of BMP2 into muscle of Misty mice, with genetic deficiency in brown adipocyte formation, switches phenotype of white to brown adipocytes at the site of bone formation [26] . These data further corroborate our findings of increased expression, and perhaps activity, of brown fat markers in healthy animals with balanced bone remodeling, and decrease in these markers with aging and diabetes, conditions which lead to either unbalanced or attenuated bone remodeling [14, 19, 23, 36] . The observed mixed BAT/WAT phenotype of bone marrow fat may result from either mixed population of adipocytes representing each of the two phenotypes separately or distinct phenotype of marrow adipocytes, which combines both characteristics in one cell. Bone marrow consists of heterogeneous population of mesenchymal stem cells, which are at various stages of commitment to different lineages. Thus, it would not be surprising that Myf5 + precursors for brown adipocytes reside in the bone marrow in a significant number and can give rise to newly formed adipocytes of brown phenotype. On the other hand, it was demonstrated that adipocytes within WAT may acquire brown or brown-like phenotype [33, 39] . We have confirmed in our models a possibility to induce brown phenotype within WAT, as we observed significant increase in UCP1 and PGC1α expression in epidydimal fat of rosiglitazone treated animals in the absence of upregulation of Prdm16 expression and even downregulation of FoxC2 expression. In contrast, activation of adipogenesis with rosiglitazone in bone marrow cells increases expression of all tested markers for brown phenotype, as well as markers of white phenotype, which probably reflexes a combination between residing adipocytes acquiring more metabolically efficient and/or BAT-like phenotype, and newly formed adipocytes from Myf5 + BAT precursors. More studies are needed to determine lineage identity of marrow adipocytes.
Our interpretation of presented studies may be limited by a use for gene expression analysis of RNA isolated from the whole tibia bone. This design was chosen for two reasons. First, an efficient isolation of pure population of adipocytes from the bone marrow poses technical difficulties due to their relatively dispersed localization in the bone cavity and embedment in the marrow extracellular matrix. Second, in the murine long bone large number of adipocytes is located in the region of epiphysis/metaphysic where they are juxtaposed to trabeculae (see [43] ) and would be lost during bone marrow isolation by conventional flashing technique. Therefore, to have a representation of all adipocytes we decided to isolate RNA from the whole bone homogenate. Consequently, an interpretation of results of gene markers expression may be biased by the fact that the original cell population was a mixture of different types of cells. In addition, although some of the analyzed markers are unique for cells of adipocytic lineage, e.g. UCP1, β3-AR, adiponectin, and leptin, others are less specific including Prdm16, FoxC2, Dio2 and PGC1α [9, 15, 16, 25, 35] . Moreover, the possibility exists that a skeletal localization of marrow adipocytes (e.g. axial vs. appendicular) may dictate their different metabolic profile. Nevertheless, and at least in respect to murine tibia bone, a correlative changes in the expression of several different markers, especially in conditions which favored adipocyte differentiation like rosiglitazone treatment, allows to believe that at least marrow adipocytes are not metabolically inert and have a tendency for changes in their metabolic phenotype with aging, diabetes, and rosiglitazone treatment.
Recent demonstration that the fate of mesenchymal stem cells toward osteoblasts, brown and white adipocytes is determined by pRb transcriptional regulator [4, 10] suggests considerable plasticity among these cell types. This creates a possibility to manipulate with osteoblast and brown adipocyte formation within a pool of marrow mesenchymal cells, which may open new therapeutic options for improvement of skeletal status during aging and in metabolic diseases, as well as for bone regenerative medicine. 
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